ABSTRACT A spatially replicated study of Argentine stem weevil Listronotus bonariensis (Kuschel) population dynamics was carried out in six dryland Canterbury, South Island ryegrass Lolium perenne L./white clover Trifolium repens L. pastures over three seasons between 1994 and 1997. The aims were to provide information on the weevilÕs population dynamics in dryland environments and to determine population regulatory mechanisms. In dryland Canterbury pastures, L. bonariensis adults and larvae exhibit phenology similar to that reported elsewhere in New Zealand. Population density was generally low, probably reßecting the loss of endophyte-free ryegrass tillers as the pasture aged. Density-dependence relationships were found in both halves of the life cycle: 1) between densities of overwintered adults in spring and those of the next generation in summer; and 2) densities of adults over winter, from the summer peak to those remaining the following spring. Endophyte-free tiller density also played a part in determining summer adult abundance. Partitioning the Þrst relationship into two components, spring (overwintered) adults to Þrst generation summer larvae, and from those larvae to peak summer adults, showed density dependence in both, but an endophyte-free tiller effect only in the Þrst. In all cases, endophyte-free tiller densities provided more signiÞcant contributions to predictive relationships for weevil densities than did total tiller densities, suggesting that weevil abundance is partly determined by the endophyte-free tiller resource in dryland habitats.
ARGENTINE STEM WEEVIL, Listronotus bonariensis (Kuschel) (Coleoptera: Curculionidae), is a South American weevil that was Þrst recorded in New Zealand in 1927 (Marshall 1937) . It has proven to be one of the most signiÞcant pests of ryegrass (Lolium L. spp.) pasture in New Zealand (Prestidge et al. 1991) , and research has been directed at understanding its impacts and developing control measures (Barker et al. 1989a , and references therein). The weevilÕs larvae mine the ryegrass tiller, with three to eight tillers required to complete development (Barker et al. 1989a ). This mining can lead to significant tiller mortality, an effect exacerbated by summer drought in which the ryegrass plant is unable to compensate for tiller losses (Prestidge et al. 1984) .
Neotyphodium lolii (Ascomycota: Clavicipitaceae) (Latch, Christensen, & Samuels) Glenn, Bacon, & Hanlin is an endophytic fungus found in association with ryegrass (Ball et al. 1995) . Endophyte produces several alkaloids, which variously affect insects and livestock. Peramine, for example, has been identiÞed as providing ryegrass resistance to L. bonariensis attack (Prestidge et al. 1982) , whereas another alkaloid, lolitrem B, has been implicated in livestock health problems (Fletcher and Easton 1997) . While grazing pressure, drought, and soil moisture are important determinants of ryegrass persistence, L. bonariensis has been shown to be the most important factor in ryegrass failure (Barker et al. 1986 (Barker et al. , 1989a Easton 1999) . Because N. lolii protects ryegrass from L. bonariensis, endophyte has been considered as essential to ryegrass survival and production (Thom 1997 , Easton 1999 .
Data from Waikato, North Island, suggested that weevil density is determined by availability of suitable endophyte-free tillers (EFT) (Prestidge et al. 1991) and that intergenerational population change and fecundity depended on tillers and weevil density (Barker et al. 1989a ). These observations were made in dairy pastures in which tiller densities of Lolium perenne L. (cultivar Grasslands Nui) ryegrass averaged Ϸ4,200 m Ϫ2 (Barker et al. 1984 (Barker et al. , 1986 . In Canterbury, South Island, considerable research has been conducted on Lolium multiflorum ϫ perenne L. and L. perenne ryegrass species with densities Ϸ7,000 Ð 12,000 tillers m 1998, McNeill et al. 1998 ). Density-dependent egg laying has been demonstrated in small experimental Þeld plots in Canterbury (McNeill et al. 1998 ), but has not been detected in Þeld data .
The phenology of L. bonariensis in the Canterbury region has been described in detail by Goldson et al. (1998) . L. bonariensis overwinter as adults, oviposit in spring, from late September through to late November, and produce the Þrst summer larval generation that peaks in early December. These larvae give rise to the Þrst summer generation of adult weevils that emerge from January through to April, with the peak generally occurring between mid-January and early February. From these adults there is a second smaller summer larval and adult generation, the latter overlapping the Þrst summer adult generation and contributing to the subsequent spring (overwintered) adult population. L. bonariensis is capable of ßight, which is associated with dispersal from unfavorable habitats (Goldson et al. 1999) .
With this background of differing observations in various pasture situations, the present work was undertaken to investigate the weevilÕs population behavior in dryland pastures and its rate of increase from a zero base; the existence and nature of density dependence, particularly the role of EFT; and the rate at which low endophyte dryland pastures revert to high endophyte in the presence of the weevil.
While the sampling was restricted to a single effort for each of the life stages being measured (e.g., spring adults, summer larvae, summer adults), the aim was to sample at a time that coincided with the period when the life stages were abundant, but not necessarily the peak. Timing was based on corrected extrapolation from another site in which the L. bonariensis population trend was known over time (e.g., Goldson et al. 1998) . No claim is made that either the whole population or all those individuals that have passed through a stage are being sampled. Rather, we simply observed and recorded the total adult population at two key times of year, and we asked whether there is evidence of density dependence in the change from one period to the next.
Materials and Methods
Six dryland research sites were established in a region that typically suffers from L. bonariensis damage. They were located in an area near DarÞeld and Charing Cross, mid-Canterbury ( Fig. 1) and between 50 and 80 km from Lincoln (43Њ 38Ј S, 172Њ 28Ј E). All were on Lismore soils, characterized as free to rapid draining shallow loess with stones in the topsoil (Kear et al. 1967) . Crops on such soils are likely to suffer from a seasonal moisture deÞcit, with the Lismore very stony silt loam of sites 5 and 6 being highly drought prone.
To minimize variability among sites, all plots were fully cultivated and sown in March and April 1994. Perennial ryegrass (L. perenne, cultivar Grasslands Nui) was direct drilled at a rate of 20 kg/ha along with white clover (Trifolium repens L., cultivar Grasslands Huia) (3 kg/ha). Sites 1Ð 4 were drilled at sowing with superphosphate (P:S:K 9:12:0), and sites 5 and 6 with Cropmaster 20 (N:P:S:K, 20:10:12.5:0) at rates of between 125 and 185 kg/ha. To reduce seedling loss from insect damage, all plots received granular insecticide (phorate at 5 kg a.i./ha) drilled with the seed, followed by a post-emergence application of chlorpyrifos at 0.6 kg a.i./ha.
Each site consisted of two adjacent 1-ha plots sown in either low (15%) or high (80%) endophyte ryegrass, with endophyte levels determined by testing the seed for the presence of endophyte (Williams et al. 1984) . After drilling, all management decisions, including sheep grazing, were based on commercial farming practice, as employed by the respective farmers.
Sampling Sequence
Listronotus bonariensis Adult Populations. Adults were sampled in spring (November) and midsummer (February) to coincide with the period of peak oviposition, as determined by an intensive study at Lincoln, in which adults were sampled fortnightly ). The spring sample (hereafter referred to as spring adults) measured the overwintered adult population and coincided with the period of peak egg laying. These samples were taken on 7 November 1994, 7 November 1995, and 5 November 1996. The summer sample measured the population of Þrst summer generation adults (hereafter referred to as summer adults) at the time of the expected overall peak in adult abundance. The summer adult samples were taken on 15 February 1995 , 28 February 1996 , and 25 February 1997 . The smaller second summer adult generation, which emerges between early March and mid-June (Barker et al. 1981 , was not measured.
The plots were established in autumn, when colonization by adult L. bonariensis from surrounding Þelds would be minimal (Goldson et al. 1999) , and weevil oviposition, hence larval recruitment, had ceased before going into winter (Goldson 1981) . This, combined with overwintering mortality , meant densities of adults in the spring of 1994 were expected to be extremely low. Therefore, the initial measurement of the adult population was conÞned to the low endophyte plots. Thereafter, both endophyte treatments were measured at all sites.
Adult density was determined by arbitrarily taking 12Ð15 0.2-m 2 quadrats from within each plot, using a modiÞed vacuum cleaner powered by a portable generator. Weevils were removed from the quadrats, frozen, and later dissected to determine their reproductive status (immature or mature) and number of mature eggs in their calyses.
Listronotus bonariensis Larval Populations. Sampling coincided approximately with the period of maximum abundance of the Þrst generation larval population (referred to in this work as summer larvae), estimated from the peak at Lincoln . Because of the greater altitude at the research sites (Ϸ195 m above sea level (a.s.l.) versus 11 m a.s.l. at Lincoln) and lower temperatures at these sites compared with Lincoln (unpublished data), it was assumed that the larval phenology at the experimental sites would be 2Ð3 wk later than that at Lincoln. These samples were taken on 7 December 1994, 11 December 1995, and 26 November 1996. The second summer larval generation was not measured.
Larvae were sampled by collecting ryegrass plants along a diagonal transect within each plot. The tillers were separated from the plants and mixed in a bag, and a random selection of tillers was made from the bulk sample. Five hundred tillers were examined individually from each plot, and any eggs were removed to eliminate larval recruitment during the extraction process. Larvae were extracted using the method described by Goldson (1978) , whereby the tillers were placed on a mesh screen suspended in a plastic container containing glycerin to a depth of Ϸ25 mm. The containers were placed in a constant temperature cabinet at 28 Ð30ЊC. Larvae emerged from the desiccating tillers and fell into the glycerin, where they were collected after 1 wk.
Lolium perenne Tiller Density. Apart from the Þrst sample (17 January 1995), measurement of tiller density coincided with larval sampling. Twenty circular cores (62 ϫ 40 mm deep) were taken arbitrarily from within each plot. Cores were dissected into plant species, and the number of ryegrass tillers in each core was counted. Resultant tiller densities were used to calculate L. bonariensis larval density. Tiller counts were taken on 17 January 1995, 11 December 1995, and 26 November 1996.
Endophyte Levels. To determine the proportion of tillers with N. lolii endophyte, ryegrass tillers were randomly selected along the two diagonal transects within each plot. Endophyte status was determined from 35 to 45 ryegrass tillers using either an aniline blue staining technique or enzyme-linked immunosorbent assay (ELISA). Using the former technique, a 10-to 20-mm section of tiller sheath material was stained in aniline blue, then examined under a compound microscope for the presence of endophyte hyphae (di Menna and Waller 1986). The ELISA technique was as described by Miles et al. (1998) , with the exception that fresh whole tillers were used instead of freeze-dried material. Endophyte levels were determined on 7 December 1994 (aniline blue), 11 December 1995, and 26 November 1996 (both ELISA).
Endophyte-Free Tiller Densities. EFT m Ϫ2 density represented the number of tillers available to L. bonariensis for oviposition and development of the larvae. EFT density was determined by multiplying the ryegrass tiller density by 1 Ð proportion of N. lolii-infected tillers at each site.
Meteorological Data. Hourly air temperature and rainfall data were obtained from a weather station (Campbell CR10X Logger; Campbell ScientiÞc, Logan, UT) located on a farm (43Њ 29Ј S, 172Њ 09Ј E) near DarÞeld. Analyses of temperature and rainfall were restricted to the NovemberÐFebruary period for each of the 1994 Ð95, 1995Ð96, and 1996 Ð97 study periods. Temperature and rainfall were recorded at just one site, so the measurements provided a broad indication of climatic events across the six sites.
Statistical Analyses. Spring and summer adults, summer larvae, endophyte level, tiller densities, and EFT m Ϫ2 density were analyzed by analysis of variance (ANOVA) using a split-plot design, with site and endophyte status as main plots and years as subplots. The reproductive status (immature or mature) and number of eggs found in the L. bonariensis calyces were analyzed in a similar way. A log 10 transformation was used for adult and larval densities when the untransformed values did not meet the standard normality requirements for an ANOVA. Ryegrass tiller density, EFT density, and percentage endophyte were regressed against year using simple linear regression.
The relationships between densities of L. bonariensis life stages (i.e., adults to adults or between larvae and adults) were analyzed to determine: 1) the existence of density dependence, and 2) the existence of an effect of ryegrass EFT on L. bonariensis abundance.
Annual population changes were partitioned and analyzed in two parts: 1) spring adults to summer adults (1994 Ð95, 95Ð96, 96 Ð97), and 2) summer adults to those surviving in the following spring (1995Ð96, 96 Ð97). Furthermore, the spring adult to summer adult relationship was partitioned into: spring adults to summer larvae (1994, 1995) ; summer larvae to summer adults (1994 Ð95, 95Ð96) . Regressions were performed combining all years to test for differences between years by allowing for different intercepts and slopes for each year. Thus, the form of the regression was: Y ϭ a y ϩ b y X, where Y is log Þnal density (N tϩ1 ) for a particular year, a y is the intercept for that year, b y the slope, and X ϭ log initial density (N t ).
Analysis of parallelism was used to test for differences between slopes or intercepts for the different years. Stepwise regression was used to assess the importance of EFT by including it as a predictor in the regressions.
Density dependence was examined by testing whether or not the functional regression coefÞcient (b ) of log N tϩ1 on log N t was signiÞcantly Ͻ1 (Smith 1973 , Barlow et al. 1986 ). Because there is sampling error in both the X and Y measures, b is based on minimizing the sum of perpendicular (shortest) squared distances between the points and the Þtted line (Webster 1997) .
Regressions were performed with Minitab (Minitab 1998) . All other analyses were carried out using the Genstat statistical program (Genstat 5 Committee 1993).
Results
Endophyte-Free Tiller Density. Mean tiller densities 10 mo after sowing were 3,170 and 3,370 tillers m Ϫ2 in the low and high endophyte plots, respectively. At the conclusion of the study, mean tiller densities in the low and high endophyte plots were 1,460 and 2,140, respectively (Table 1) . Over the same period (1994 Ð 96), there was a signiÞcant increase (F ϭ 10.6; df ϭ 2, 10; P ϭ 0.003) in overall endophyte levels, with similar rates of increase in endophyte content of the ryegrass in both the low and high endophyte plots (F ϭ 1.4; df ϭ 10, 10; P ϭ 0.31).
The mean density of EFT measured at each site declined signiÞcantly for both low and high endophyte plots over the 3 yr of the study (F ϭ 9.92; df ϭ 1, 34; P ϭ 0.003) (Fig. 2) . Mean EFT densities in the low and high endophyte plots were 2,620 and 1,060 tillers m Ϫ2 , respectively, 10 mo after sowing, but at the conclusion of the study were down to 750 and 230 EFT m Ϫ2 in the low and high endophyte plots, respectively. a Tiller density numbers rounded to nearest 10; all remaining numbers except for larvae/100 tillers are rounded to nearest whole number. b Spring adult densities were not sampled in the high endophyte plots in 1994. EFT densities were not signiÞcantly different among sites (F ϭ 2.8; df ϭ 5, 5; P ϭ 0.14), but were signiÞcantly different between years (F ϭ 14.0; df ϭ 2, 10; P ϭ 0.002) and endophyte treatment (F ϭ 25.7; df ϭ 1, 5; P ϭ 0.004).
Listronotus bonariensis Larval Populations. The number of larvae/100 tillers and larvae m Ϫ2 measured at each site is shown in Table 1 . In November 1996, only three sites yielded larvae, and at these sites larval numbers were Յ1.0 larvae/100 tillers (Table 1) . Despite sampling 15 d earlier than in 1995, it was concluded that in 1996 the period in which larvae were most abundant had been missed. In 1994 and 1995, larval densities were signiÞcantly different among sites (F ϭ 7.3; df ϭ 5, 5; P ϭ 0.02) and years (F ϭ 25.9; df ϭ 2, 10; P ϭ 0.002), but not between endophyte treatments (F ϭ 3.2; df ϭ 1, 5; P ϭ 0.13). There was no signiÞcant relationship between log larval density and EFT, with low and high endophyte plots combined, in either 1994 or 1995. This suggests that resource abundance alone does not determine larval density.
Listronotus bonariensis Adult Populations. The untransformed adult densities measured each spring and summer from 1994 to 1997 are shown in Table 1 . The initial adult density in spring 1994, measured in the low endophyte plots, averaged 3.7 adults m Ϫ2 , but was followed by a signiÞcant increase in density at all sites by the following summer of 1995 (sample period 1994 Ð 95). Over the following winter (1995), numbers declined little, and in some sites numbers actually increased. As expected, there was a further increase in adult density from spring 1995 to summer 1996 (sample period 1995Ð96), a decline over winter to spring 1996, and another increase to summer 1996 (sample period 1996 Ð97) ( Table 1) .
Spring L. bonariensis adult densities were signiÞ-cantly greater in the low versus high endophyte plots (F ϭ 12.7; df ϭ 1, 5; P ϭ 0.016) and varied signiÞcantly between sites (F ϭ 5.2; df ϭ 5, 5; P ϭ 0.047) and years (F ϭ 273; df ϭ 2, 10; P Ͻ 0.001). Adult densities in summer did not differ between endophyte treatments nor among sites (P ϭ 0.064 and 0.065, respectively), but did differ between years (F 2,10 ϭ 17.0; df ϭ 2, 10; P Ͻ 0.001), although to a lesser extent than observed in the spring population.
Reproductive Status. Across all sites, while the percentage of sexually mature females was signiÞcantly greater in spring (78%) compared with summer (42%) populations (F ϭ 114.7; df ϭ 1, 47; P Ͻ 0.001), the mean number of eggs in the calyces of mature L. bonariensis was not signiÞcantly different between spring (3.4/ female) and summer (3.0/female) (F ϭ 1.5; df ϭ 1, 10; P ϭ 0.25). The percentages of reproductively mature female weevils in the low and high endophyte treatments were 53 and 51%, respectively, and not significantly different (F ϭ 0.5; df ϭ 1, 47; P ϭ 0.49). Similarly, there was no signiÞcant endophyte effect on the mean number of eggs found in the calyces (F ϭ 0.9; df ϭ 1, 5; P ϭ 0.40).
Spring Adult to Summer Adult Relationship (3 yr). There were no signiÞcant differences in slopes or intercepts (P Ͼ 0.05) for the relationship between log spring adults and log summer adults for each of the 3 yr. The overall relationship for the simple linear regression was highly signiÞcant, however ( Fig. 3 ; Table 2 ).
The relationship between spring adults and summer adults in relation to summer density of EFT (EFT m
Ϫ2
) is shown in Table 2 . The functional regression coefÞcient (b ) was 0.67, which, given a standard error of 0.076, was signiÞcantly Ͻ1 (t ϭ 4.42, df ϭ 28, P Ͻ 0.001). This conÞrms strong density dependence between spring adults and summer adults relative to resource density. No signiÞcant relationship was found between untransformed or log summer adult density and EFT. The tiller component was only signiÞcant if spring adults also appeared in the relationship.
Spring Adult to Summer Larvae Relationship (2 yr). In the Þrst larval sample (7 December 1994), no larvae were found in the low endophyte plot at site 6, although adults were present when the site was sampled in late February. The implication was either Log (summer adults) ϭ 1.24 ϩ 0.24 log (spring adults) (F ϭ 5.0; df ϭ 1, 28; P ϭ 0.03) Log (summer adults/EFT) ϭ Ϫ0.34 ϩ 0.56 log (spring adults/EFT) (F ϭ 40.0; df ϭ 1, 28; P Ͻ 0.001) Spring adults to summer larvae (2 yrs) Log (summer larvae) ϭ 0.40 ϩ 0.57 log (spring adults) ϩ 0.0003 EFT (F ϭ 5.8; df ϭ 2, 14; P ϭ 0.007) Log (summer larvae/EFT) ϭ Ϫ0.87 ϩ 0.369 log (spring adults/EFT) (F ϭ 5.7; df ϭ 1, 15; P ϭ 0.03) Summer larvae to summer adults (2 yrs) 1994-95: Log (summer adults) ϭ 0.69 ϩ 0.50 log (summer larvae) (F ϭ 31.0; df ϭ 1, 9; P Ͻ 0.001) 1995-96: Log (summer adults) ϭ 1.10 ϩ 0.34 log (summer larvae) (F ϭ 5.91; df ϭ 1, 10; P ϭ 0.03) Summer adult to spring adult (2 yrs) 1995: Log (spring adults) ϭ 0.691 ϩ 0.540 log (summer adults) 1996: Log (spring adults) ϭ Ϫ0.019 ϩ 0.540 log (summer adults) (F ϭ 33.5; df ϭ 1, 22; P Ͻ 0.001 for the cumulative equation) that the sample had been mistimed, or that adult immigration through ßight or walking had occurred subsequently. This point was not included in the analysis because of the ambiguity in the result at site 6. The relationship between log spring adults and log summer larvae for 1994 and 1995 is shown in Fig. 4 . There was no signiÞcant relationship between spring adults and summer larvae in either 1994 or 1995 (P ϭ 0.54 and 0.25, respectively). As there were no signiÞcant differences in slopes or intercepts (P Ͼ 0.05) for each of the 2 yr, the data sets were combined. The overall relationship between spring adults and summer larvae was not signiÞcant (P ϭ 0.34). However, this relationship became signiÞcant if EFT were included as a separate variable in a multiple regression (Table 2 ). Density dependence was tested by expressing adult and larval densities relative to EFT, and indicated that density dependence occurred between spring adults and summer larvae ( Table 2 ). The functional regression coefÞcient was 0.53, with a standard error of 0.142 and signiÞcantly Ͻ1 (t ϭ 3.33, df ϭ 15, P Ͻ 0.005), indicating density dependence between spring adults and summer larvae relative to EFT.
Summer Larvae to Summer Adult Relationship (2 yr). The regression equations between log summer larvae and the subsequent log summer adults for 1994 Ð95 and 1995Ð96 were signiÞcantly different (P ϭ 0.048), so the 2-yr data were examined separately. For both data sets, there was a signiÞcant relationship between larvae and adults ( Fig. 5; Table 2 ). For 1994 Ð 95, the functional regression coefÞcient was 0.53, which, given a standard error of 0.079, is signiÞcantly Ͻ1 (t ϭ 5.9; df ϭ 9; P Ͻ 0.001). Density dependence was also found between summer larvae and summer adults in 1995Ð96 (b ϭ 0.411, standard error ϭ 0.131, t ϭ 4.49, df ϭ 10, P Ͻ 0.005). EFT density was not signiÞcant when included in a multiple regression, for both 1994 Ð95 (P ϭ 0.84) and 1995Ð96 (P ϭ 0.63), nor when expressing both adults and larvae relative to EFT.
Summer Adult to Spring Adult Relationship (2 yr). The relationship between log summer adults and log spring adults for 1995 and 1996 is shown in Fig. 6 . There was a highly signiÞcant relationship between summer and the subsequent spring adult densities in both years, with a highly signiÞcant (P Ͻ 0.001) year effect, represented by a lower intercept in 1996 than in 1995. However, because the slopes were not signiÞcantly different, a common slope was Þtted for both years (Table 2) .
Endophyte-free tiller density was not signiÞcant (P Ͼ 0.05), but density dependence was highly signiÞ-cant (b ϭ 0.704, standard error ϭ 0.102, t ϭ 2.94, df ϭ 22, P ϭ 0.01). The difference between the intercepts reßects variation in the relative change in adult densities between summer and the following spring. In 1995, numbers were, on average, higher in spring than in the previous summer, whereas in 1996 a signiÞcant decline in numbers was observed from summer to spring.
Discussion
Observed Dynamics. In dryland pastures, L. bonariensis adults and larvae exhibit phenology similar to that reported elsewhere in Canterbury (Pottinger 1961 , Francis and Baird 1989 . Population densities were generally low, probably reßecting resource limitations imposed by low N. lolii EFT densities (see below). Spring adult and larval densities varied signiÞcantly between sites, but sum- mer adult densities did not. However, the most signiÞcant variation in densities of all three life stages occurred between years. After establishment, there was an 8.5-fold increase in the mean adult density between the 1994 spring and the subsequent summer population. The ratio of change in the following years averaged 1.7 for 1995Ð96 and 3.0 for 1996 Ð97. The rapid increase in adult density in the Þrst year after pasture establishment probably reßects colonization and reproduction in an environment with a comparatively large number of tillers suitable for oviposition by a small founding population. The apparently anomalous increase in adult populations from summer 1995 to spring 1995 could be due either to adult recruitment from the second larval generation in late summer/ autumn or adult immigration after the 15 February 1995 sample was taken, either of which would imply that the period when adults were most abundant had been missed.
Larval numbers per 100 tillers measured in 1994 and 1995 varied considerably among sites, but on average were comparable to peaks reported by Barker et al. (1984 Barker et al. ( , 1986 and Prestidge et al. (1984) for cultivar Nui in high endophyte pastures in the North Island. However, because of the relatively low absolute tiller densities at the study sites, the mean number of larvae m Ϫ2 across all sites was less than those recorded in the North Island studies. Low densities at the dryland sites did not lessen the damage potential, as up to eight tillers may be needed to complete larval development (Barker et al. 1989a) . As a consequence, there would have been competition for the EFT component of the ryegrass sward.
Population Regulation. Some studies have reported that L. bonariensis adult and larval populations are regulated by availability of EFT (Prestidge et al. 1984 , Barker et al. 1989a . Conversely, Hunt (1990) was unable to show a relationship between mean summer tiller density and larval populations, and Goldson et al. (1998) found no relationship between tiller and adult densities taken over all fortnightly sampling occasions over a 5-yr period. Even in the current study, densities of L. bonariensis did not relate directly to EFT abundance. These results are not inconsistent, but suggest that tillers alone do not determine weevil numbers at any one time and that weevils are not continuously resource limited. Rather, there is a relationship between weevil numbers and those in the previous generation, modiÞed particularly at high densities by resource limitation. EFT densities measured at the study sites were considerably lower than those measured at another dryland site in Canterbury (Francis and Baird 1989) . This study suggests that EFT availability and spring adult density together determine the abundance of both Þrst generation summer larvae and the resulting summer adults. Moreover, both relationships are density dependent when densities are all expressed relative to the resource (i.e., weevil density divided by EFT density), which implies competition for resources. The relationships between summer larvae and summer adults, and between summer adults and those remaining in the following spring were also density dependent, but unaffected by the tiller resource. The reason for density dependence in the overwintered adult population is unclear, but may relate to dispersal of summer adults in autumn either through ßight or walking. Diffusive dispersal between sites of initially varying density can give temporal density dependence locally through its averaging effect (Kean and Barlow 2000) . Density dependence detected in this study concurs with the evidence for density-dependent oviposition (McNeill et al. 1998) and for density-dependent changes in North Island weevil populations (Barker et al. 1989a) .
The level of endophyte did not impair L. bonariensis female reproductive condition. Females recovered from high endophyte plots did not have a higher incidence of reproductive immaturity or fewer eggs than weevils collected from low endophyte plots. These results were contrary to the laboratory studies conducted by Barker et al. (1989b) , who reported a decline in the number of eggs in the calyces when L. bonariensis females were conÞned to high endophyte plants. Presumably, the ability of adults to locate and feed on the noninfected tillers in a high endophyte ryegrass pasture is sufÞcient to ensure adequate resources for oocyte development.
The Weevil's Resource. Ryegrass densities measured in this study were more representative of those reported for North Island sites compared with those measured elsewhere in Canterbury (Francis and Baird 1989, Goldson et al. 1998) . Tiller densities measured in DecemberÐJanuary were between 2,820 and 5,470 tillers m Ϫ2 in Waikato and the Volcanic Plateau of the North Island (Barker et al. 1984 (Barker et al. , 1986 . The decline in mean tiller density in the low and high endophyte plots between 1994 and 1996 also represented a substantial decrease in potential pasture productivity.
The average endophyte levels in the low endophyte treatments more than doubled between 1994 Ð95 and 1995Ð96, but only increased by an average of 3% in 1996 Ð97. The rapid reversion to high endophyte is not unique, and Prestidge et al. (1984) found that across three sites in the Central Volcanic Plateau region of the North Island, the mean percentage endophyte level in perennial ryegrass (cultivar Nui) more than doubled over a 12-mo period, from 19.3 to 40.7%. Likewise, in Þeld plots established at Palmerston North, Manawatu, Hume and Brock (1997) found a signiÞcant increase in endophyte level in a high endophyte cultivar Nui seedline of 13% over an 11-mo period. In both cases, the reversion was attributed to L. bonariensis larval feeding. Based on Þeld studies, Popay and Mainland (1991) suggested that larvae can discriminate between endophyte-infected tillers and EFT before mining them and avoid the former. Excluding L. bonariensis by applying insecticides has been shown to reduce the loss of endophyte-free plants and hence reduce the rate of increase in the percentage of tillers infected with endophyte (Prestidge et al. 1982) . High temperature and moisture stress on ryegrass can also accelerate the rate of increase in N. lolii-infected plants, by reducing the plantsÕ ability to compensate for losses caused by larval August 2003feeding, thereby exacerbating the selective loss of endophyte-free ryegrass tillers from the sward (Prestidge et al. 1984 , Barker et al. 1986 ).
In conclusion, L. bonariensis population densities in Canterbury dryland pastures were generally low, and this is probably a reßection of both low total tiller densities and the high level of endophyte infection. Density dependence was found in both halves of the life cycle: during the major period of recruitment, between spring and summer adults; and over winter, from summer adults to those surviving in the following spring. EFT density also contributed signiÞcantly to the Þrst relationship between overwintered adults in spring and those of the next generation in summer, but not to the second relationship from the summer adult peak to those adults remaining in the following spring. Partitioning the Þrst relationship into two components, spring adults to summer larvae, and summer larvae to subsequent summer adults, showed density dependence in both, but a tiller effect only in the Þrst. In all cases, EFT densities provided more signiÞcant contributions to predictive relationships for weevil densities than did total tiller densities, suggesting that the weevil depends on EFT availability. The resulting low EFT density in turn dictates a low weevil carrying capacity. The weevil is thus regulated by a combination of intraspeciÞc density dependence and an interaction with its endophyte-free plant resource.
